Serpentinites have the lowest silica activity of common crustal rocks. At the serpentinization front, where olivine, serpentine, and brucite are present, silica activities (relative to quartz) are of the order of 10 À2Á5 to 10
, depending on the temperature. Here we argue that this low silica activity is the critical property that produces the unusual geochemical environments characteristic of serpentinization.The formation of magnetite is driven by the extraction of silica from the Fe 3 Si 2 O 5 (OH) 4 component of serpentine, producing extremely reducing conditions as evinced by the rare iron alloys that partially serpentinized peridotites contain. The incongruent dissolution of diopside to form Ca 2þ , serpentine, and silica becomes increasingly favored at lowerT, producing the alkalic fluids characteristic of serpentinites.The interaction of these fluids with adjacent rocks produces rodingites, and we argue that desilication is also part of the rodingite-forming process.The low silica activity also explains the occurrence of low-silica minerals such as hydrogrossular, andradite, jadeite, diaspore, and corundum in serpentinites or rocks adjacent to serpentinites. The tendency for silica activity to decrease with decreasing temperature means that the presence of certain minerals in serpentinites can be used as indicators of the temperature of serpentinization. These include, with decreasing temperature, diopside, andradite and diaspore. Because the assemblage serpentine þ brucite marks the lowest silica activity reached in most serpentinites, the presence and distribution of brucite, which commonly is a cryptic phase in serpentinites, is critical to interpreting the processes that lead to the hydration of any given serpentinite.
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I N T RO D UC T I O N
Serpentinite has been long known to host unusual minerals such as awaruite (FeNi 3 ), heazlewoodite (Ni 3 S 2 ), and hydrogarnet that are rarely found in any other geological environment. In addition, the fluids evolving from serpentinites are exceptionally reduced (Abrajano et al., 1988; Charlou et al., 1998; Kelley et al., 2001 ) and, with pH 410, are some of the most alkaline fluids on Earth (Barnes & O'Neil, 1969; Barnes et al., 1978) . Because of the unusual geological conditions, serpentinization has long elicited interest among petrologists (Frost, 1985, and references therein) . Recent discoveries of sea-floor hydrothermal vents that could have originated from serpentinization (Beard & Hopkinson, 2000; Kelley et al.,2001; Charlou et al., 2002) , and the recognition that the reducing conditions of fluids emitted from serpentinization would be an ideal environment for the origin of life (Russell & Hall,1997; Sleep et al., 2004; Russell & Arndt, 2005) have provoked an increase in studies on the importance of serpentinization to sea-floor processes (Schroeder et al., 2002; Kelley et al., 2005; Bach et al., 2006) .
The authors recently had the good fortune to participate in the Integrated Ocean Drilling Program (IODP) expeditions 304 and 305, which drilled the Atlantis Massif at 208N on the Mid-Atlantic Ridge. The 41km of core recovered was mostly gabbro, but the core also contained significant amounts of olivine-rich troctolite. Millimeter-scale serpentine veins locally cut the troctolite and where the veins intersect plagioclase the plagioclase was altered to prehnite and grossular, assemblages common in rodingites. Because plagioclase is the only Ca-bearing phase in the troctolites, we concluded that these micro-rodingites must have formed by desilication of the plagioclase rather than the addition of CaO from outside the system (Frost et al., 2005) . This insight prompted us to recognize the important role that silica activity plays in serpentinization.
and saponite are not in the Holland and Powell database, reactions involving these phases were calculated at 1bar using Geochemist's Workbench ß (Bethke, 2005) , which incorporates a modified version of the SUPCRT92 database (Johnson et al., 1992) . In these calculations we used thermo.com.v8.6þ, the updated version of the thermo database. Activities were calculated using a modified DebyeĤ u« ckel equation (Bethke, 2005) . Databases were not mixed: each diagram was calculated from a single database. In any event, in the serpentinite system the huge free energy changes in the reactions swamp the small uncertainties in the thermodynamic values of the individual phases. Indeed, test calculations done using the two databases yield essentially equivalent results.
We used chrysotile as our serpentine mineral, despite the fact that Evans (2004) recently noted that it is likely to form metastably. We do this because adequate thermodynamic data are not available for lizardite, the stable form of low-T serpentine, and because antigorite, the high-T temperature form of serpentine, is only rarely seen to have formed by direct hydration of a peridotite. In actuality, the choice of which serpentine polymorph to use makes little difference; the free energy change involved in the hydration reactions studied vastly overwhelms the small energy differences between lizardite, chrysolite and antigorite.
Although mantle peridotites generally contain olivine with about 10 mol % fayalite component, we calculated most of our diagrams for the pure Mg-system. We chose to do this because our calculations showed that between the pure Mg-system and the compositions typically found in metaperidotites the location of the silica buffers is relatively insensitive to the small change in m FeMg À1 . For example, calculations using the QUILF program of Andersen et al. (1993) indicate that for the olivine^Opx silica buffer [equilibrium (1)], there is only a difference of 0Á02 log units in silica activity between the pure system and the system where X Ol Mg ¼ 0Á9 (the common value for olivine in the mantle).
We recognize two standard states for silica. When we are comparing silica activity of serpentinites with silica activity in other rocks, we use the standard state of pure quartz at T and P of interest. This variable we call a SiO2 and it is a measure of the chemical potential change between the assemblage in question and pure quartz. When discussing the silica activity in systems that involve dissolution reactions we reference silica activity to the standard state of the dissolved form of pure quartz at the T and P of interest [i.e. the activity of H 4 SiO 4 , or SiO 2 (aqueous)]. This variable we call a SiO2ðaqÞ . The difference between the two terms is shown in Fig. 1 , which shows the variation of log a SiO2 vs T for pure quartz. We can convert the log a SiO2 for a given reaction to log a SiO 2 ðaqÞ by simply adding the value of log a SiO 2 ðaqÞ for quartz at the T and P of interest. To accommodate the huge temperature dependence of the oxygen buffers, we normalize the oxygen fugacity to a common buffer. In most calculations we normalize it to the fayalitem agnetite^quartz (FMQ) buffer and call the variable Á log f O 2 , which is defined as the deviation from the FMQ buffer. In one calculation we normalize it to the ironm agnetite (IM) buffer and in this instance we refer to the oxygen fugacity as IM, IM þ 2 or IM þ 4; that is, to the IM buffer or to the IM buffer þ 2 or 4 log units of oxygen fugacity, respectively.
Silica activity in igneous rocks
Silica activity has long been used in the classification of igneous rocks (Carmichael et al., 1974) , even though it has rarely been assigned a numerical value. Thus, it is helpful to compare the silica activity in serpentinites with that of the well-known igneous buffers (Fig. 2) . With decreasing silica activity the normative minerals in igneous rocks are Table 2. hypersthene, olivine, nepheline and leucite, and kalsilite (see Table 1 for compositions and abbreviations of phases in this paper). The reactions that relate these phases are given in Table 2 . Because peridotitic rocks do not contain feldspars or feldspathoids, the reactions involving nepheline, leucite, and kalsilite are provided in Fig. 2 merely for reference.
The reaction between olivine and orthopyroxene [reaction (1)], which can be applied to both basalts and peridotites, corresponds to the plane of critical silica saturation (Yoder & Tilley, 1962) . At silica activities above those of reaction (1) a basalt is a hypersthene-normative tholeiite, whereas at lower silica activities it is nephelinenormative and will be classified as an alkali basalt. Because fayalitic olivine can coexist with quartz, equilibrium (1) is dependent on m FeMg À1 as well as T and P. However, as noted above, because the small changes in m FeMg À1 between the pure system and the composition of minerals in the typical mantle have only a minimum effect on the location of equation (1) (and other silica buffers in the ultramafic system) we use the pure Mg system in all the calculations in this paper. Figure 2 indicates that most igneous rocks have crystallized at silica activities above 10
À0Á5
; only in the rarely occurring kalsilite-bearing rocks are silica activities lower than 10
À1
. These silica buffers are moderately dependent on pressure; increasing pressure from 1 to 10 kbar decreases silica activity for the olivine^Opx assemblage by 0Á2 log units and increases the silica activity for the upper stability of kalsilite by 0Á5 log units.
Silica activity in serpentinites and metaperidotites
The silica activity for metaperidotites falls from that defined by the olivine^Opx assemblage to lower values with decreasing temperature and increasing hydration of the assemblage (Table 3, Fig. 3 ). In assemblages containing anthophyllite and talc, two relatively silica-rich minerals, this trend is not particularly steep, but it becomes dramatic in assemblages where serpentine is in equilibrium with olivine or brucite. In an equilibrium assemblage of olivine, serpentine and brucite, the silica activity is nearly 10^2
Á5
. These values are far lower than those in igneous rocks (even when the igneous silica buffers are extended to low temperatures), making serpentinites among the most silica-deprived rocks on Earth. 
Reactions in this and following tables are numbered in approximate order that they appear in the figures or the text. 
In few environments does serpentinization occur at P H2O ¼ P total [i.e. along reaction (13) in Fig. 3 ]. In most occurrences the reaction of olivine to serpentine occurs at temperatures that are far below those where serpentinization would occur under water saturation. In such environments, serpentinization is controlled by the access of water into the rock. Because of the large amount of water necessary to produce serpentinization, the water activity for reaction (13) falls dramatically with falling T (Fig. 4a) . The effect of variations in a H 2 O on the silica activity of Table 3 . Fig. 4 . 
This equilibrium involves the same phases as reaction (13) only it has been written with silica as the mobile component, rather than water. Writing the reaction in this way allows us to monitor the silica activity attendant with serpentinization that occurs at temperatures below those where olivine hydrates in systems where
The silica activity for the invariant assemblage olivine^serpentine^brucite lies below that where serpentine þ brucite þ water coexist. Only after olivine is completely eliminated from the assemblage does the hydration of serpentine to brucite and silica, according to the reaction drive silica activity to higher values. The silica activity that accompanies low-T serpentinization can be monitored from reaction (15) (Fig. 4c) . Reaction (15) is shown as a dashed line in Fig. 4c to emphasize that curve is not valid for P H 2 O ¼ P total , as are the other curves in Fig. 4c , but that it is the trace followed by invariant point (A) with decreasing water activity. At all temperatures, however, the serpentinization reaction [reaction (13)], remains the same. Figure 4c shows that silica activity during low-T serpentinization may be more than two log units lower than it would be at temperatures where brucite þ serpentine þ pure water occur in equilibrium.
Of course, in most peridotites, orthopyroxene will be involved in the hydration reactions as well as olivine. In the hydration of an Opx-bearing rock the initial reaction will be to form talc by the reaction ð18Þ
If the Opx occurred in an orthopyroxenite, hydration by reaction (18) would lead to the production of equal moles of serpentine and talc. If the Opx was in a peridotite showing the processes encountered in the serpentinization of Opx-bearing peridotite at water activities well below unity. Initial influx of fluids will produce serpentinization reactions involving olivine þ enstatite (point 1). When Opx is depleted from the rock, silica activity will fall until it is defined by the equilibrium between olivine, serpentine, and brucite (point 2). Water activity will still be less than unity. Once olivine has been depleted from the rock silica activity will rise to values determined by the serpentine^brucite buffer (point 3). Water activity may also rise to unity.
where olivine was also being hydrated (point 2, Fig. 5a ), silica will tend to move from the talc-bearing portions of the rock (area 1) to the brucite-bearing portions, eliminating talc from the assemblage (dashed arrow in Fig. 5a ).
To calculate the temperature dependence of the silica activity at the invariant point in Fig. 5a we can write a reaction for the assemblage Opx^Srp^Tlc using silica as a mobile component: 
The trajectory followed by this invariant point applies only to situations where P H2O ¼ P total because the water activity necessary to destabilize the assemblage Opxŝ erpentine^talc decreases with decreasing temperature. As a result, this curve is shown with dashed lines in Fig. 5b . Figure 5a and b shows that a gradient in silica activity of a log unit or more could be present between serpentinite formed from Opx (point 1 in Fig. 5a and b) and that from surrounding olivine (point 2 in Fig. 5a and b). The extent of this gradient will depend upon the relative rates of the reactions that hydrate olivine and Opx and on the efficiency of fluid flow through the rock. The fact that talc may form rims between Opx and serpentine in bastites (Viti et al., 2005) suggests that in some serpentinites a large silica activity gradient may be present on a millimeter scale.
OX YG E N A N D S U L F U R F U G AC I T I E S Low oxygen and sulfur fugacities
One of the most distinctive features of serpentinite is its extremely low oxygen fugacity, as indicated by the fact that serpentinites are one of the few crustal environments where iron alloys occur (Frost, 1985) . The occurrence of iron and nickel as metallic alloys, rather than in sulfides indicates that serpentinites also have very low sulfur fugacity. As noted by Frost (1985) , sulfur fugacity in metamorphic rocks is a function of oxygen fugacity because sulfur is present dominantly as H 2 S or SO 2 , rather than S 2 . The fugacities of H 2 S and SO 2 are related by the reaction (Table 4) 
The oxygen fugacity at which the partial pressures of H 2 S and SO 2 are equal is called the sulfate^sulfide fence.
At the temperatures of serpentinization the sulfide^sulfate fence lies well above the oxygen fugacity of the FMQ buffer (see Frost, 1985) , and, hence, far above the oxygen fugacities ambient in serpentinites. At oxygen fugacities below the sulfate^sulfide fence sulfur fugacity is controlled by the reaction
Reaction (21) clearly indicates that, as oxygen fugacity falls from the values defined by the sulfide^sulfate fence, progressively more sulfur will be driven from the sulfides into the fluid phase. This explains why fluid inclusions from some serpentinites contain measurable amounts of H 2 S, even though the rock itself may contain awaruite (Peretti et al., 1992) . Because of reaction (21), sulfides are a sensitive monitor of oxygen fugacity in serpentinites. As oxygen fugacity falls, the sulfide minerals stable with magnetite become increasingly poorer in sulfur relative to metal. With decreasing oxygen fugacity in serpentinites, the stable sulfide ranges from millerite (NiS) to pentlandite ((FeNi) 9 S 8 ) to heazlewoodite (Ni 3 S 2 ) (Frost, 1985) . The sulfur-rich sulfides polydymite (Ni 3 S 4 ) and vaesite (NiS 2 ) are found only in relatively oxidizing, carbonate-bearing serpentinites (Eckstrand, 1975) . Although pentlandite is common in many mafic and ultramafic rock types, heazlewoodite is found only in serpentinites (Ramdohr, 1968) .
Because the low sulfur activity associated with serpentinization destabilizes sulfides, many metals are liberated from serpentinites. They are deposited in relatively more oxidized country rocks, where the increase in oxygen fugacity drives sulfur out of H 2 S and back into the sulfide phases (Frost, 1985) . Metals that have been concentrated adjacent to serpentinites include Ni, Cu, Co and Ag (Groves & Keays, 1979; Leblanc & Lbouabi, 1988) .
During serpentinization some of the iron in the original peridotite is driven into magnetite, making serpentinites a possible source of magnetic anomalies (Coleman, 1971; Shive et al., 1988) . A plot of magnetic susceptibility, which 
is a function of the abundance of magnetite, against density, which is a monitor of the degree of serpentinization, is a commonly used diagram from which to infer the nature of the magnetite-forming reactions in serpentinites (Toft et al., 1990; Oufi et al., 2002; Bach et al., 2006; Fig. 6 ). Three things are evident from this figure. First, the path followed by hydration of peridotites does not follow the path one would predict if the formation of magnetite were directly tied to a serpentinization reaction (dashed line). A reaction that directly ties magnetite formation with serpentinization would be something like: 
It does not matter what stoichiometry one uses in a model reaction such as reaction (22) [Toft et al. (1990) listed more than 20], progress along these reactions follows a path similar to that shown as the dashed line in Fig. 6 . Early formation of magnetite will drive the susceptibility up by several orders of magnitude without a large change in density; only late in the hydration process does density decrease. For this reason, Toft et al. (1990) concluded that hydration of peridotite was decoupled from the formation of magnetite. Another important conclusion that can be derived from Fig. 6 is that each occurrence of peridotite appears to follow its own trend. Some, such as Burro Mountains, Dun Mountain, and Josephine tend to form linear trends that originate at the density and susceptibility of fresh peridotite. Others, such as Red Mountain, Ocean Drilling Program (ODP) 1274 and ODP 895, have either curvilinear trends that originate at the conditions of fresh olivine or linear trends that reach low susceptibility at densities that are considerably lower than those of fresh peridotite. Bach et al. (2006) postulated that these relations indicate that the formation of magnetite in peridotites commences only after a significant amount of hydration has taken place.
Another consideration in the formation of magnetite is the fact that the FeO content of serpentine from peridotites is variable. Serpentine in incipiently serpentinized peridotites tends to be more iron-rich (with X Fe $0Á10, approximately that of the primary olivine), whereas in the highly serpentinized peridotites X Srp Fe ¼ 0Á05^0Á03 (Oufi et al., 2002) . A similar relation was observed by Bach et al. (2006) , who reported that mesh pseudomorphs after olivine contain serpentine and rather Fe-rich brucite without magnetite, whereas the cores of the same meshes contain serpentine, Mg-rich brucite, and magnetite. Two other key points about magnetite and serpentine composition are that magnetite is absent in bastites (serpentine pseudomorphs after Opx) and that the serpentine in the bastites generally has similar X Fe to the Opx that they have replaced (Le Gleuher et al., 1990; Viti et al., 2005; Bach et al., 2006) .
It is evident from the observations of Oufi et al. (2002) and Bach et al. (2006) that olivine hydrates by at least two reactions. In one it forms relatively iron-rich serpentine and brucite, whereas in the other it forms magnetite along with relatively magnesian serpentine and brucite. Figure 7a shows a possible explanation of how this might work. In the previous discussion we have treated serpentinization reactions as if they dealt solely with the magnesian end-members. This is reasonable because peridotites have X Mg $0Á9 and the effect of this small amount of FeO on the phase relations is minimal. Of course, we cannot continue to do this when discussing the role of magnetite, as magnetite is formed from the Fe dissolved into the silicates. In Fig. 7a we show the major silica-dependent reactions in serpentinites [reactions (7) and (9); Table 3 ] as reaction loops. The loops are based on the following observations. Talc is always more magnesian than serpentine; for example, when X serpentine Mg ¼ 0Á9, X talc Mg ¼0Á975 (Trommsdorff & Evans, 1972) . The relatively Fe-rich serpentine formed from olivine may have X Mg ¼ 0Á9 (Oufi et al., 2002) . The Fe-rich brucite formed in this reaction is poorly constrained but it may be as high as X Mg ¼ 0Á75 (Bach et al., 2006) . The magnesian serpentine that occurs with magnetite has X Mg ¼ 0Á95 and it occurs with a brucite with X Mg ¼ 0Á90 (Bach et al., 2006) . 
Because we cannot write a reaction producing magnetite using only magnesian end-members, the loop for reaction (23) does not close on the right side of Fig. 7a ; instead it becomes asymptotic. Constraints on the location of the magnetite limb of this loop come from Evans & Frost (1975) , who showed that in serpentinites X magnetite Mg ¼ 0Á02.
Our explanation of magnetite-absent and magnetitepresent olivine hydration reactions is as follows. In a rock where silica activity is relatively high, either through serpentinization of adjacent Opx [silica activity conditions (1) in Fig. 7a ] or through external supply of silica, olivine will hydrate under conditions where magnetite is not stable [silica activity conditions (2) in Fig. 7a ]. Consequently, olivine will hydrate to 'iron-rich' serpentine and 'iron-rich' brucite (open circles on Fig. 7a ). It should be noted that, if silica activity is high enough and there is sufficient flux of silica in the fluid, olivine may hydrate directly to serpentine by reaction (8) ( Table 3) , without the formation of brucite. If Opx is consumed from the rock, or if there is limited communication between Opx-bearing and olivine-bearing portions of the rock, olivine hydration will occur at lower silica activities [silica activity condition (3) in Fig. 7a ] with the production of magnetite, and relatively magnesian brucite and serpentine (filled circles on Fig. 7a ). It is clear that serpentinization can take place over a range of silica activities between (2) and (3) in Fig. 7a , which would explain why serpentine and brucite from partially serpentinized peridotites show a range of X Mg (Oufi et al., 2002; Bach et al., 2006) .
We cannot calculate Fig. 7a with thermodynamic rigor because we lack activity^composition relations for serpentine and brucite. However, we can use existing thermodynamic data to determine if our explanation is feasible. The relations we describe in Fig. 7a can hold only if the oxidation of serpentine to magnetite þ silica [reaction (23)] in a serpentine with X Mg ¼ 0Á9 occurs at an oxygen fugacity and silica activity near those that attend the hydration of olivine to serpentine þ brucite. Figure 7b shows the location of reaction (23) calculated for three oxygen fugacities, compared with the silica activities of the serpentine^brucite buffer when in the presence of olivine. The figure has been calculated assuming that the end-member thermodynamic properties of Fe-serpentine are similar to those of greenalite and that solution of Fe and Mg in serpentine are ideal. Figure 7b shows that the low silica activity limit for serpentine with X Fe ¼ 0Á1 lies close to the silica activity of the serpentine ¼ brucite buffer in the presence of olivine, which means that the relations we describe in Fig. 7a are plausible.
The formation and stability of iron alloys
The oxygen necessary for the formation of magnetite is extracted from the decomposition of water [reaction (24)] and the hydrogen produced by this reaction makes serpentinites among the most reduced rocks on Earth. Partially serpentinized peridotites are so reducing that they commonly contain iron alloys. Awaruite (FeNi 3 ) is the most commonly reported alloy, but the more iron-rich, variable-composition Fe^Ni alloy, taenite (Rosetti & Zuchetti, 1998) and even pure native iron (Chamberlain et al., 1965) would proceed until significant amounts of iron were extracted from the silicates.
Some other equilibrium must be operating in serpentinites that keeps the low silica activity from depleting Fe from the silicates while producing abundant magnetite and native iron. Two reasonable candidates for this are the following reactions, which cause a stability field for Fe-bearing brucite to lie between the stability field for magnetite and that for native iron: 
Unfortunately the thermodynamic data available for the solution of Fe(OH) 2 into brucite are inadequate to calculate the phase relations between magnetite, brucite, and serpentine directly, so instead we will show inferred relations on a chemical potential diagram (Fig. 8) .
The key feature about the equilibria between serpentine, brucite, magnetite, and iron is that, in addition to silica activity (for serpentine) the relative stabilities of these minerals also depend on oxygen fugacity and water activity, with the stability fields for both brucite and serpentine being enhanced by increases in water activity. We know from previous discussion that at any temperature there are two conditions where the water activity (and hence the silica activity) of the assemblage serpentine þ brucite is fixed; one is when water activity is unity and the other is when serpentine and brucite occur with olivine (see Fig. 4b ). We have constructed Fig. 8 to explain the occurrence of alloys in the presence of relict olivine and their absence in completely serpentinized rocks (Frost, 1985) . In the presence of olivine, reduced water activity reduces the stability fields of serpentine and Fe-brucite such that awaruite is stable. When olivine is depleted from the rock, water activity increases, and the fields for both serpentine and brucite expand, and, in doing so, they consume any alloys that may have formed early in the serpentinization process.
S E R P E N T I N I T E S A N D C A L C I U M Diopside stability and fluid chemistry
Low-T fluids issuing from serpentinite-hosted vents are characteristically alkaline (commonly pH 410) and Ca-rich (Barnes & O'Neil, 1969; Barnes et al., 1978; Palandri & Reed, 2004) . Both of these features are attributable to the breakdown of clinopyroxene during serpentinization. Specifically, the absence of a stable Ca mineral requires that unbalanced dissolution of Ca 2þ in the serpentinizing fluid is accommodated by OH À production (Li et al., 2004; Palandri & Reed, 2004) . The loss of Ca 2þ to a fluid phase is reflected by the Ca depletion observed in many serpentinized peridotites (Coleman, 1963; Puga et al., 1999; Shervais et al., 2005) .
We argue here that the low silica activity of serpentinites plays a critical role in destabilizing clinopyroxene in serpentinizing fluids ( Fig. 9; 
will not occur anywhere along the serpentine^brucite silica buffer (Fig. 9a) . This explains why tremolite occurs only in metaperidotites where olivine is also stable Shaded fields refer to conditions where water activity is fixed by the presence of olivine (plus serpentine þ brucite, magnetite, or iron). Stippled fields refer to conditions where olivine is not present and water activity is unity (or nearly so). It should be noted how the increase in water activity after the depletion of olivine from the rock will cause the stability fields of brucite and serpentine to expand, consuming the field for native metals.
(i.e. at the higher temperatures of greenschist facies; Evans, 1977 must proceed to the right with falling temperature (or falling silica activity) (Fig. 9b) . This results in the serpentinization of clinopyroxene, and an increase in Ca 2þ in the fluid along with concomitant increase in alkalinity. As temperature decreases, pH and Ca 2þ concentration will rise (Fig. 9b) . It should be noted that at temperatures in excess of 4008C, such as seen at the Rainbow hydrothermal field, serpentinization of clinopyroxene results in fluids that are both Ca-rich and mildly acidic JOURNAL OF PETROLOGY VOLUME 48 NUMBER 7 JULY 2007 (Charlou et al., 2002) . These fluids are forming in the presence of tremolite (Allen & Seyfried, 2003) and their acidic character is consistent with the equilibria shown in Fig. 9a and b. It should also be noted from reaction (31) that diopside^serpentine equilibria are not affected by Mg concentration in the fluid as long as serpentine is stable.
Rodingites
Rodingites are rocks (most often basalts and gabbros, but rodingitized metasedimentary rocks and granites are also reported) that have undergone intensive metasomatism as a consequence of the serpentinization of surrounding peridotite (Coleman, 1963 (Coleman, , 1977 Schandl et al., 1989; O'Hanley, 1996) . The metasomatism is usually described in terms of Ca enrichment, and, indeed, this is observed in many or most rodingites. However, an equally common and important component of the metasomatism is Si depletion (e.g. Coleman, 1963) . Many rodingites are polymetamorphic rocks that have undergone several stages of both metamorphism and metasomatism (Frost, 1975; Evans et al., 1979; Schandl et al., 1989; O'Hanley et al., 1992; Puga et al., 1999; El-Shazly & Al-Belushi, 2004; Li et al., 2004) . We concern ourselves here with metasomatic and metamorphic processes that are directly related to serpentinization sensu stricto.
In a typical gabbroic rodingite, plagioclase is replaced by various Si-poor, usually hydrated Ca^Al silicates including grossular (and/or hydrogrossular), (clino)zoisite, prehnite, vesuvianite, wollastonite, and xonotlite [Ca 6 Si 6 O 17 (OH) 2 ]. The commonest Fe^Mg silicates are usually chlorite and amphibole (especially tremolite) although serpentine minerals may also be present, especially if the protolith contained olivine. If one examines rodingite mineralogy with the assumption that Si is not fixed, it is apparent that the reaction of clinopyroxene and plagioclase in the presence of water will yield a variety of the most common rodingite assemblages (e.g. grossularĉ hlorite; Fig. 10a ). These assemblages are the hydrated chemical equivalents of Cpx^plagioclase except that they are silica deficient. This becomes clear when silica is plotted explicitly (Fig. 10b) . It is also clear from the stoichiometry of reactions (37)^(39) ( Table 5) . These reactions may be isochemical with respect to other components, but they are not isochemical with respect to silica. The silica activity imposed by the brucite^serpentine buffer oversteps the rodingite reaction: and strongly favors the Gro þ Chl assemblage (Fig. 10c) . At low T the equivalent tremolite-forming reaction [reaction (38)] is even further overstepped (Fig. 10c) .
Hydrogrossular, a mineral that is virtually characteristic of rodingites and serpentinites and found in few other geological environments, is related to grossular by the reaction 
where x may range up to unity. The thermodynamics of reaction (40) are unconstrained. However, the formation of hydrogrossular obviously involves desilication and hence its occurrence is consistent with the low-Si environment intrinsic to serpentinizing peridotite (Fig. 10c) . Although silica activity may be the driving force for many rodingite-forming reactions, it is clear from bulk chemistry that elements besides Si, especially Ca, are also mobile (e.g. O'Hanley, 1996) . The addition of Ca to rodingites is certainly a consequence of the high Ca content of serpentinizing fluids as discussed above. For rodingites formed from gabbroic rocks, much of the Ca addition probably results from the replacement of Na^Ca plagioclase with Ca-silicates such as grossular or prehnite. In these circumstances, Na is lost to the fluid and/or reprecipitated as Na minerals such as albite, jadeite or analcime, either locally or elsewhere in the hydrothermal system (Whitmarsh et al., 1998; Beard et al., 2002; Li et al., 2004) .
T H E OCC U R R E NC E OF OT H E R L O W-S I L I C A M I N E R A L S I N S E R P E N T I N I T E S Andradite and hydroandradite
Andraditic garnet containing varying amounts of Cr 2 O 3 , TiO 2 , and H 2 O has been found in a number of serpentinite parageneses including serpentine^awaruiteâ ndradite AE magnetite AE brucite (Botto & Morrison, 1976; Onuki et al., 1981; Beard & Hopkinson, 2000) , serpentine þ diopside þ magnetite (Amthauer et al., 1974; Muntener & Hermann, 1994) and serpentine þ carbonate þ magnetite (Peters, 1965) . Evidently it is stable in serpentinites over a range of oxygen fugacities and Ca activities. Nominally the stability of andradite relative to clinopyroxene is governed by the reaction In a silica-saturated system involving pure phases this equilibrium lies between the HM and FMQ buffers; that is, about two log units above FMQ. In a silicaundersaturated system with pure phases, the log of the equilibrium constant for reaction (41) is log K 41 ¼ 2 log f O 2 À 9 log a SiO 2 :
From this it is evident that the stability of andradite is highly is sensitive to silica activity, which explains why, in rocks of low silica activity, such as serpentinites, andradite can be stable even in the presence of native iron (Frost, 1985) .
In serpentinites where native iron is dissolved into Fe^Ni alloys (generally awaruite), andradite may form from diopside by the following oxygen-independent reactions ( 
At this point andradite will become the stable Ca phase in serpentinites. The temperature of this intersection depends on the Ca content and pH of the ambient fluid (because diopside stability is a strong function of these variables, e.g . Fig. 9) ; for most fluid compositions we used the intersection that lies between 200 and 2308C (Fig. 11a) .
If reaction (44) controls the occurrence of andradite in a rock, the resulting assemblages would be Srp^Brc^AdrD i^I or Srp^Brc^Adr^Mag^I. The serpentinites from ODP hole 1068A described by Beard & Hopkinson (2000) have the assemblage Srp^Brc^Adr^Aw and lack both magnetite and diopside. Although reaction (44) limits the stability of andradite, the assemblage itself must have formed by another process. Beard & Hopkinson (2000) interpreted the serpentinites from hole 1068A as having formed in contact with fluids being expelled from an active serpentinization front at depth. The unusual magnetite-free assemblage Srp^Brc^Adr^Aw appears to be related to this fluid flow. Specifically, breakdown of clinopyroxene at depth via reaction (31) yields a high-pH, Ca-rich fluid, which allows the reaction 
This leads to the consumption of magnetite in the serpentinite (see Fig. 11b ) and may also be responsible for the formation of the Fe-rich brucite [up to 60% Fe(OH) 2 endmember] seen in the hole 1068 rocks (Beard & Hopkinson, 2000) . It should be noted that, as for hydrogrossular, hydroandradite should be stable at silica activities lower than those at which andradite proper is stable.
Diaspore and corundum
Aluminum hydroxide (diaspore and/or gibbsite) occurs in hydrothermally altered submarine serpentinites from the Iberian margin and can occur in other serpentinized peridotites (Beard & Hopkinson, 2000; Kovacs et al., 2002) . Diaspore plus brucite can form under extremely low Si activities by desilication of chlorite (Fig. 12) . These silica activities, however, also require the desilication of serpentine and are not likely to be regularly attained in serpentinizing peridotite. The surprising presence of diaspore in the Iberian rocks, therefore, is probably a consequence of a second, low-T diaspore-forming reaction (see Fig. 12 
Reaction (46) may well be driven by late addition to a serpentinite of silica from seawater. The paradoxical formation of diaspore by a silication reaction reflects the instability of chlorite with respect to saponite clays at low temperature. The presence of diaspore in serpentinites should reflect alteration occurring at T5508C. Although corundum never occurs in serpentinitesç chlorite is always more stable than serpentine þ corundumçit is commonly found in hydrothermally altered rocks associated with metaperidotites (Schreyer et al., 1981; Kerrich et al., 1987; Grapes & Palmer, 1996) . Although these rocks have clearly been altered metasomatically sometime in their history, the timing of this metasomatism and, hence the origin of these rocks, is controversial [compare Schreyer et al. (1981) and Kerrich et al. (1987) ]. Recently, Bucher et al. (2005) demonstrated that the corundum-bearing rocks probably formed by metasomatic alteration of aluminous metasedimentary rocks adjacent to serpentinite (or metaperidotite). The low silica activity necessary for the formation of corundum is caused by the extraction of silica from these rocks into the adjacent metaperidotite. 
Jadeite
Although jadeite is a characteristic mineral of high-P/T metamorphic terranes, it is well known that serpentinization plays a key role in the formation in massive jadeite, including all known occurrences of precious jade. Specifically, jadeitite forms by crystallization from a Na-rich fluid with a low a SiO2 mediated by the presence of actively serpentinizing peridotite (Harlow & Sorensen, 2005) . As noted by Harlow & Sorensen (2005) , the relationship between jadeite formation and low a SiO 2 related to serpentinization was anticipated by Coleman (1961) . Harlow & Sorensen (2005) noted that quartz is almost unknown in precious jade deposits and that late-stage silication [analogous to that which occurs under the fluiddominated conditions in fully serpentinized peridotite (Frost, 1985) ] commonly produces rims of albitite or other relatively siliceous assemblages around jadeitite bodies.
Under even moderately low silica activities, the stability of jadeite is governed by its hydration to analcime [reaction (58)], rather than its reaction to albite þ quartz [reaction (57)] (Fig. 13) . Figure 13 shows that in these lowsilica environments jadeite is stable to lower pressure than it would be in quartz-bearing rocks, but that it still requires moderate pressures (4^6 kbar) to stabilize jadeite relative to analcime. This explains why most jadeite deposits are formed in blueschist terranes and why analcime is present instead in low-P environments (e.g. Whitmarsh et al., 1998) .
D I S C U S S I O N
Recognizing the important role that silica activity plays in serpentinization not only provides petrologists with a conceptual framework to understand the complex mineralogical changes that accompany the hydration of peridotite rocks, it also presents us with important tools to unlock the processes that are involved. It provides us with a way to constrain the temperatures at which serpentinization occurs and with a means to characterize the pathways that fluid followed during serpentinization.
We recognize three minerals that may indicate the temperature at which serpentinization occurred (Table 6 ). The first of these is diopside. The assemblage serpentine (antigorite or lizardite)^brucite^diopside is considered to be indicative of the lowest temperatures of metamorphism (Evans, 1977) . Unfortunately, most serpentinites lack diopside because, as temperatures fall, diopside becomes increasingly soluble in serpentinites. Between 3008C and 1008C the Ca 2þ activity in the assemblage Di^Srp^Brc increases by more than three orders of magnitude (Fig. 9) . The occurrence of diopside in a serpentinite, therefore, is a function of both the temperature of serpentinization and the fluid/rock ratio, with diopside being more stable at high Tand low fluid/rock ratios. Fig. 12 . log a SiO2ðaqÞ^T diagram comparing the stabilities of chlorite, saponite, diaspore, and corundum at 1bar and in equilibrium with seawater (pH ¼ 8Á1, log a Ca 2þ ¼ À3:75). Shaded area shows a small field for diaspore stability at low Tand relatively high silica activity. As indicated in Fig. 11 , andradite in brucite-bearing serpentinites is stable only around 2258C and thus the assemblage andradite^brucite^serpentine may indicate low-Tserpentinization. However, the presence of andradite alone in serpentinites is not a temperature indicator, because andradite stability is strongly dependent on silica activity; it may be stable in brucite-free serpentinite at higher T. Finally, diaspore rarely occurs in serpentinites and its occurrence should indicate very low-Tserpentinization. It is also stable only at relatively high silica activity and cannot occur with brucite.
Understanding that silica activity plays an important role in serpentinization provides petrologists with a key to interpreting the textures of serpentinites and, hence, to understanding the process by which a given rock body was hydrated. The assemblage brucite^serpentine controls the low silica activity in serpentinites, but reactions such as the hydration of Opx, the formation of magnetite and the dissolution of diopside contribute silica to the rock that will consume brucite. Therefore, the distribution of Opx and Cpx (or relict Opx and Cpx), magnetite, and brucite within a serpentinite may provide key information about the scale over which silica activity varied within a serpentinite, and this will provide important clues to the process by which serpentinization occurred.
Although it is simple to document the occurrences of Opx, magnetite, and diopside in serpentinites, it is much more difficult to constrain the spatial distribution of brucite. In some serpentinites brucite occurs in relatively large grains (albeit still microscopic) (Beard & Hopkinson, 2000) . In others it is either absent or cryptically present as interlayers within serpentine. Petrologists, therefore, cannot assume brucite is absent from a serpentinite even if it is not evident petrographically. Future studies should either use microprobe analyses to identify serpentine^brucite mixtures [as was done by Bach et al. (2006) ], or use X-ray mapping to find the distribution of brucite in a rock.
The distribution of brucite in a rock is important because it may provide evidence of fluid pathways that operated during serpentinization and may indicate the direction of fluid flow. Fluid that is moving downward, either seawater or fluid that is in equilibrium with gabbro, will have higher silica activity than the assemblage brucite þ serpentine. Thus, prolonged downward fluid flow should consume brucite. Fluids in equilibrium with metagabbro may even have high enough silica activity to alter serpentine to talc. Downward-moving fluids, therefore, should move through channels that are brucitefree and, especially near contacts with gabbros, may be talc-bearing. In contrast, fluids that are moving upward from a serpentinization front should have low silica activity and their pathways should be marked by the presence of abundant brucite. If the temperature were low enough and if the fluids were rich enough in Ca 2þ , their presence may also be marked by the occurrence of andradite (Beard & Hopkinson, 2000) .
C O N C L U S I O N S
We have shown that the distinctive petrological and geochemical properties of serpentinitesçtheir highly magnetic nature, the reducing conditions, the calcic, high-pH fluids issuing from themçare all tied to the low silica activity of these rocks. The hydration of forsterite to form serpentine and brucite and this reaction's attendant effects on silica activity are ultimately responsible for all these distinctive mineralogical and hydrochemical features. The very low silica activities of the assemblage serpentine^brucite provide the chemical potential needed for virtually all of the geological and mineralogical oddities associated with serpentinization. First, low silica activity lowers the stability of the Fe 3 Si 2 O 5 (OH) 4 component in serpentine, such that some of the ferrous iron in the primary olivine must go into magnetite (in most cases), metallic iron phases, or andradite. The formation of oxidized iron phases, especially magnetite, from the ferrous iron in silicates is the root cause of the characteristically reduced conditions found in serpentinites. A secondary effect of low oxygen fugacity is the reduction of sulfur, leading the stabilization of low-sulfur sulfides (e.g. heazlewoodite) and sulfur-free metal alloys (e.g. awaruite). Second, the instability of clinopyroxene at low silica activity results in its incongruent dissolution, producing the Ca-rich fluids associated with serpentinization. The pH of these fluids is a function of T, being acidic at high T but alkaline at the lower temperatures of most serpentinizing systems. Third, many of the unusual minerals that characterize serpentinites (e.g. hydrogarnet and jadeite) are low-Si phases stabilized by low silica activity. Finally, metasomatic processes that accompany serpentinization, including the formation of rodingite and blackwall alteration, are, first and foremost, desilication processes. This observation demonstrates that important geochemical variables, including pH and oxygen fugacity, may be derivative features that are controlled by chemical potentials to which they are only indirectly related.
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